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ABSTRACT: Moose (Alces alces) survive cold winter temperatures due to their large body size, thick
skin, and dense, dark pelage. These same characteristics impede heat dissipation under thermal condi-
tions often encountered in spring-fall. While thermal cover has long been recognized as an important
component of moose habitat suitability, it has not been explicitly incorporated into published models.
We integrated the biophysical construct of operative temperature, Te, into an existing Habitat Suitabil-
ity Index (HSI) model for moose in the Adirondack State Park (ASP) of New York. Te is a thermal
index that incorporates the effects of radiative and convective heat transfer on air temperature. We
modeled air temperature with respect to elevation and calculated solar radiation transmitted through
the canopy as a function of topography, location, forest cover-type, and time of year. We classified
1028, 25 km2 evaluation units for thermal suitability based on a modified upper critical threshold
for Te derived from published studies. Compared to a published model for ASP, our HSI better classi-
fied moose observations in low, moderate, and high suitability categories, especially during April. We
discuss the complexities of modeling thermal suitability for moose.
ALCES VOL. 49: 49–64 (2013)
Key words: Adirondacks, Alces alces, habitat suitability, heat stress, moose, operative temperature,
thermal cover.
Wildlife biologists and forest managers
focus on the relationship between an animal
species and its preferred habitat for
developing appropriate management prac-
tices (Guisan and Zimmerman 2000). This
relationship is important to evaluate an area
relative to the animal's survival and repro-
duction (Puttock et al. 1995). There are var-
ious tools for habitat analyses, including
resource selection functions, occupancy
models, and habitat suitability index (HSI)
models. HSI models are graphical constructs
that quantify habitat quality in response to
food and cover requirements of a species
(Koitzsch 2002). These models rate suitabil-
ity on a scale of 0.0 (unsuitable habitat)
to 1.0 (optimal habitat) with different
compartments or areas scored in relation to
life requisites (Romito et al. 1999), and allow
for comparisons among managed areas as
well as focusing on increasing suitability
scores by managing for resources that are
limiting (Koitzsch 2002, Dussault et al.
2006). It is assumed that a species will be
present and more abundant in areas with
higher suitability; wildlife managers can
therefore validate HSI models by measuring
habitat characteristics and correlating the cal-
culated scores with population data (Dettki
et al. 2003, Dussault et al. 2006).
HSI models have been used in moose
(Alces alces) management since the U.S. Fish
and Wildlife Service (USFWS) first published
procedures in the early 1980s whenAllen et al.
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(1987) described the first 2 USFWS models:
Model I required detailed vegetation measure-
ments and habitat assessment, whereas Model
II focused on remotely-sensed data in its clas-
sification of suitable habitat. Remote sensing
has allowed both models to be applied to large
tracts of land without the time and spatial con-
straints of field-based methods (Koitzsch
2002, Hickey 2008). Although originally cre-
ated for the Lake Superior region, Model II
was used with remotely-sensed data in Geo-
graphic Information System (GIS) to assess
habitat suitability relative to regenerating for-
ests and non-forested wetlands in Vermont
(Koitzsch (2002). Hickey (2008) used a simi-
lar approach and speculated about future
growth of the recolonizing moose population
in the Adirondack State Park (ASP) in
New York.
In addition to requiring large tracts of
land with diverse vegetation types (Dussault
et al. 2006), moose require 40–50% of an
area to be comprised of suitable habitat with
regenerating woody stems essential for late-
summer and winter forage, 5–10% in non-
forested, macrophyte-rich wetlands necessary
for summer forage, and 5–55% comprising
dense forest stands critical for thermal cover
in late winter and summer months (Renecker
and Hudson 1986, Schwab and Pitt 1991,
Puttock et al. 1995, Koitzsch 2002). While
the GIS-based models of Koitzsch (2002)
and Hickey (2008) acknowledged the impor-
tance of these criteria, neither measured nor
included thermal cover explicitly.
Renecker and Hudson (1986) first noted
that although moose are adapted to live in
cold environments, they exhibit heat stress
at temperatures as low as 5 °C in the late
winter and 14 °C in the summer. Chronic
heat stress may lead to increased susceptibil-
ity to parasitism and disease, reduced pro-
ductivity, and starvation (Renecker and
Hudson 1990, Lenarz et al. 2008). Moose
respond behaviorally to heat stress by seek-
ing cover under dense coniferous forest
canopies, by prostrating themselves on cool
substrates (e.g., soil or snow), by immersing
themselves in water (Dussault et al. 2004),
and by reducing voluntary food intake
(Belovsky 1981). The gradual 40-year
decline in moose populations in Isle Royale
National Park in Michigan and in the Agas-
siz National Wildlife Refuge in northern
Minnesota are correlated with increasing
temperatures associated with climate change,
and speculation exists about the role of
increased parasitism and heat stress (Murray
et al. 2006, Lenarz et al. 2008). Projections
of climate-warming scenarios indicate a
future ASP forest with fewer coniferous
trees, warmer and shorter winters with
decreased snowpack and longer ice-free
periods, and hotter, longer summers (Jenkins
2004).
We attempted to incorporate an index of
thermal suitability into a Model II approach
for assessing moose habitat in the ASP. We
evaluated critical thermal environments
(Moen 1968, Parker and Gillingham 1990)
for moose by computing operative tempera-
ture (Te), an index that integrates the com-
bined effects of ambient temperature, total
absorbed radiation, and wind velocity on
the thermal environment experienced by an
animal (Bakken 1992). Te considers the
effects of pelage on heat loss and heat
absorption and incorporates seasonal varia-
tion in surface albedo due to accumulated
snow. Air temperature was incremented
above ambience to indicate the temperature
of a space that would feel the same as the
heat load in the sun (Campbell and Nor-
man 1997).
Integrating thermal cover as a habitat
variable not only allows assessment of cur-
rent suitability, but also facilitates prediction
of future suitability under climate-warming
scenarios (Koitzsch 2002). By mapping Te
across the ASP, our goal was to stimulate
discussion and additional research regarding
critical thermal environments as components
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of habitat suitability for moose. Our specific
objectives were to 1) develop an HSI model
for moose that incorporates thermal suitabil-
ity in a spatially explicit manner, and 2) com-
pare the HSI performance against a
published model (Hickey 2008) lacking a
specific thermal component.
STUDYAREA
The ASP is located in the northeastern
part of New York State (latitude 44E
00" N, longitude 74E 13" W; Fig. 1). It is
comprised of >6 million acres of both pri-
vately owned land (3.3 million acres) and
state protected Forest Preserve (2.7 million
acres; APA 2001) and contains the entire
range of the Adirondack Mountains. The
ASP is mostly forested with a combination
of northern hardwood and softwood stands
scattered among numerous lakes and wet-
lands. The High Peaks area is mountainous
with >40 peaks from 1,200 to >1,500 m
elevation (Jenkins 2004). This area contains
most of the original, old growth forests in
the ASP as little harvesting or forest manage-
ment occurred prior to the establishment of
the ASP in 1984 (DiNunzio 1984).
The unique geographical characteristics
and location with respect to Lake Ontario
control most of the weather patterns, making
it one of the coldest regions in the continen-
tal United States. The interior is usually 3 °C
cooler than the bordering counties of upstate
New York and Vermont; monthly winter
temperatures range from 12 to 6 °C
and summer temperatures range from
20–26 °C. The colder climate results in a
short growing season (∼180 days) with a
mean of 85.8 mm of monthly precipitation
(Garner 1989, Jenkins 2004). Topography
and meteorological patterns influence the
vegetation; southern species are more com-
mon along the periphery with cold-hardy
species more plentiful in the boreal center
Fig. 1. Map of New York State, the Adirondack State Park, and Huntington Wildlife
Forest.
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(Jenkins 2004). Forestland in the ASP con-
sists mostly of northern hardwoods including
beech (Fagus grandifolia), red maple (Acer
rubrum), sugar maple (A. saccharum),
striped maple (A. pensylvanicum), and yel-
low birch (Betula alleghaniensis), and soft-
woods such as balsam fir (Abies balsamea),
eastern hemlock (Tsuga canadensis), red
spruce (Picea rubens), white cedar (Thuja
occidentalis), and white pine (Pinus stro-
bus). Shrubby vegetation, important for
moose forage, includes witch hobble (Vibur-
num alnifolium), wild raisin (V. cassinoides),
and other Viburnum species (Garner 1989).
METHODS
We used the United States Geological
Survey's National Land Cover Datasets
(NLCD 2001; resolution 30 m) obtained
from the Adirondack Park Agency (APA)
to quantify the necessary habitat characteris-
tics of Model II in ArcGIS™ 9.3 (Table 1).
All layers were clipped to the ASP boundary
as it was our central focus for this study.
Using Hawth's Tools (Beyer 2004) we over-
laid a sampling grid on the ASP to designate
1028 evaluation units that reflected the
approximate annual home range size of a
moose, or about 25 km2 (Allen et al. 1987,
Koitzsch 2002, Hickey 2008). Regenerating
habitat (V1) and wetland habitat (V2) were
quantified using the methods of Hickey
(2008) and evaluated against suitability fig-
ures developed for Model II approaches by
Allen et al. (1987). Softwood (V3) and old
and mixed hardwoods (V4) stands were
designated as winter and summer cover,
respectively. Because forest stand type can
range in thermal cover characteristics, we
condensed V3 and V4 into a single “thermal”
cover variable (V3) based on modeled opera-
tive temperature, and evaluated it against 2
suitability figures developed for the previous
variables (Allen et al. 1987).
Thermal Cover (Habitat Variable V3)
We separated the habitat analysis for
thermal cover into 2 months (April and
July) when moose are presumably suscepti-
ble to heat stress. In April moose are
confronted with increasing daytime tempera-
tures and insolation along with high surface
albedo from accumulated snow, and in com-
bination with molting winter pelage and
increased metabolism, heat gain can be sub-
stantial (Renecker and Hudson 1986, 1990).
Long days near maximal ambient tempera-
ture can also result in heat stress during
July (Dussault et al. 2004).
To incorporate spatial variation asso-
ciated with elevation, slope, and aspect, we
used ArcGIS™ (ESRI 2010) to calculate
mean monthly Te for hardwood and
softwood stands for each evaluation unit
with the following equation (Campbell and
Norman 1997):
Te ¼ Ta þ




where Ta is the ambient temperature (°C)
evaluated at each unit, re is the animal's par-
allel resistance to convective and radiative
heat transfer (s m−1), Rabs is the total amount
Table 1. Suitability classes, habitat variables and
their optimal specifications (developed by Allen
et al. 1987) for a new Habitat Suitability Index

























1Upper critical operative temperature (see text for
details).
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of solar and thermal radiation absorbed by
the animal (W m−2), esrT 4a is the thermal
emittance (W m−2) of the surface of the
animal (through tissue, skin, and pelage) at
Ta (K), and ρcp is the volumetric specific
heat of air (1200 J m−3 per K; Table 2).
Table 2. Inputs to a model of operative temperature (Te) for moose in the Adirondack State Park, New York.
Constant, Parameter or Variable Source Reference
Air temperature (Ta; C) Modeled in ArcGIS NCDC, CASTNET
Resistance to heat flow (re; sm
−1) rHa·rr/rHa+rr Beaver et al. 1996
Resistance to convective transfer (rHa) 307
ﬃﬃﬃﬃﬃﬃﬃ
d=u
p  tf Campbell and
Norman 1997
Characteristic dimension (d) 0.70 m3 Mitchell 1976,
Haase 2010
Average wind velocity (u) 1 ms−1 Parker and
Gillingham 1990
Turbulence factor (tf) 0.7 Campbell 1981
Resistance to long-wave transfer (rr) qcp=4esrT 3a Parker and
Gillingham 1990
Emissivity of surface (ɛs) 0.97 Belovsky 1981
Stephan-Boltzmann constant (σ) 5.67·10−8 Wm−2 per K4 Monteith 1973
Total radiation absorbed (Rabs;/Wm
−2) SW + LW Monteith 1973
Short-wave radiation as(Ap/A · Sp + 0.5Sd +
0.5SWGR)
Monteith 1973
Absorptivity to radiation (as) 0.74 summer, 0.89 winter Belovsky 1981
View factor, or projected shadow area on a surface
perpendicular to the beam (Ap/A) as a function of θ
0.29−0.01(θ/90)−0.31
(θ/90)2+0.12(θ/90)3
Kubaha et al. 2004;
Haase 2010
Direct radiation corrected for the angle of incidence (Sp) Sb/sinθ Parker and
Gillingham 1990
Diffuse short-wave radiation (Sd) ST * DiffFrac Boland et al. 2001
Reflected short-wave radiation from the ground (SWGR) Albedo · ST Parker and
Gillingham 1990
Beam radiation incident on a horizontal surface (Sb) ST * BeamFrac Boland et al. 2001
Total global radiation (ST) Modeled in ArcGIS™ ESRI 2010
Solar elevation angle (θ) Dependent on Time
of Day
Monteith 1973
Albedo 0.8 for snow, 0.2 for grass Monteith and
Unsworth 1990
Long-wave radiation (LW) aL
(0:5eskyrT 4a þ 0:5egrrT 4a Þ
Monteith 1973
Absorptivity to LW (aL) 1.0 for caribou Monteith 1973
Emissivity of sky (ɛsky) 0.67 + 0.007*Ta in C Gates 1980
Emissivity of the ground (ɛgr) 0.97 Parker unpublished
Thermal emittance of the surface of the animal at Ta in K esrT 4a Parker and
Gillingham 1990
Volumetric specific heat of air ρcp Monteith 1973
ALCES VOL. 49, 2013 HAASE AND UNDERWOOD – THERMAL COVER AND MOOSE
53
Ambient temperature (Ta) — We
obtained air temperature data for April and
July 2009 from 12 weather stations from the
Environmental Protection Agency's Clean
Air Status and Trend Network (CASTNET;
http://www.epa.gove/castnet) and the
National Climatic Data Center (NCDC;
http://www.ncdc.noaa.gov) to model ambient
temperature across the set of evaluation units.
We used ordinary co-kriging of air tempera-
ture against a digital elevation model in
ArcGIS™ to create a raster map with air tem-
perature as a function of station elevation and
separation distance. Geostatistical Analyst™
uses a take-one-out, cross-validation scheme
for assessing goodness-of-fit of kriged
surfaces. We used a three-step diagnostic
process (Johnston et al. 2001, pp. 190–191)
to validate modeled ambient temperatures,
and then corrected them to 1 m above ground
level using micro-meteorological stations
established in the 2 forest canopy types
(Haase 2010).
Resistance to total heat flow (re)—We
calculated the thermal resistance to heat flow
as a combination of the resistance to long-
wave radiative heat transfer (rr) and convec-
tive heat transfer (rHa). rr was computed
from the volumetric specific heat of air
(ρcp), the emissivity of the surface of the
pelage (ɛs), the Stephan-Boltzman constant
(σ), and ambient air temperature (Ta); rHa
was calculated from the characteristic
dimension (d) of a moose, the average wind
velocity (u), and the turbulence factor (tf).
All constants, parameters, and variables
were initialized from the published literature
except for characteristic dimension, wind
velocity, and air temperature (Table 2).
Because wind velocities below the forest
canopy are usually low (DeMarchi 1991)
and difficult to model, we used a constant
wind velocity of 1m s−1 across all evaluation
units (Parker and Gillingham 1990). Charac-
teristic dimension was approximated as the
volume of a sphere raised to the one-third
power (Campbell and Norman 1998). We
used data from Cameron et al. (1999: 96)
and Hundertmark et al. (1997) to estimate
mean volume to calculate the ratio of
ingesta-free body mass to the density of
water, muscle, fat, and bone of a 400 kg
female moose (0.345 m3).
Short- and long-wave radiation (Rabs)
— Thermal radiation emitted from the sur-
face of the animal (esrT 4a ) was calculated
from the Stephan-Boltzmann constant in
relation to air temperature and the emissivity
of moose pelage (Table 2; Monteith 1973,
Belovsky 1981). Total radiation (Rabs) was
calculated as the sum of long- and short-
wave radiation (Parker and Gillingham
1990). Long-wave radiation (LW) was calcu-
lated from emissivities of the ground and sky
(dependent on air temperature) and absorp-
tivities to long-wave heat transfer (Table 2;
Beaver et al. 1996). Total short-wave radia-
tion (SW) was calculated from modeled solar
radiation in reference to seasonal resistances
of the moose pelage to short-wave heat trans-
fer (Table 2; Belovsky 1981, Parker and
Gillingham 1990, Beaver et al. 1996).
The amount of solar radiation an animal
is exposed to on the ground is a function of
the amount of global radiation (direct and
diffuse radiation) that is transmitted through
the atmosphere, cloud cover, and forest
canopy. Hourly global radiation was col-
lected from a CASTNET weather station
within the ASP on the Huntington Wildlife
Forest (HWF187) and extraterrestrial radia-
tion (i.e., above the atmosphere) was calcu-
lated based on the earth's distance from the
sun in a model developed for the Solar
Energy Research Institute (Bird and
Hulstrom 1991). We calculated monthly
averaged, hourly clearness indices (kt, also
referred to as cloudiness index), which is
the ratio of global to extraterrestrial radiation
for April and July (Haase 2010). We com-
puted the mean monthly diffuse and beam
fractions (Boland et al. 2001) with these
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values by extrapolating average solar
radiation at each intersection of a 100-m2
grid using the Solar Analyst™ tool in ESRI's
Spatial Analyst™. Finally, we kriged the
point data to create raster maps representing
monthly mean global, direct, and diffuse
solar radiation at the top of the forest canopy
for April and July.
We calculated the monthly fraction of
solar radiation transmitted through the




¼ BeamFrac 1 SOFð Þ
þDiffFrac  Co ð2Þ
where BeamFrac is the fraction of beam
(i.e., direct) radiation through the atmo-
sphere, DiffFrac is the fraction of diffuse
radiation through the atmosphere, SOF is
the sky obscuration factor of the canopy as
a function of solar elevation zenith angle,
and C

o is the total canopy opening factor
for the canopy type (Lindroth and
Perttu 1981).
We used hemispherical photography to
calculate SOF and Gap Light Analyzer
(GLA) software (version 2.0, Frazer et al.
1999) to calculate C

o (Hardy et al. 2004).
We used a Nikon N2000 camera (integral-
motor multi-mode 35 mm single-lens reflex)
to take true color hemispherical photographs
with a Sigma 8 mm F4 hemispherical lens
(22.5 filter size) in April and July at 3 sites
in each forest canopy cover-type (i.e., hard-
wood and softwood; 6 sites total) on Hun-
tington Wildlife Forest. Each photograph
was taken with the camera facing skyward,
placed on a level tripod 1 m above the
ground. The camera was positioned using a
compass so the bottom faced south, allowing
consistent registration of every photo. In
GLA each photo was separated into “sky”
or “non-sky” pixels using the image
classification tools and overlaid with a sky
map of grid cells to calculate canopy open-
ness in each grid. Average transmission frac-
tions were calculated for each forest cover-
type and month (Lindroth and Perttu 1981).
The NLCD 2001 raster was reclassified
using the calculated transmission fractions
for hardwood and softwood forest cover-
types for each month. We averaged transmis-
sion fractions from both forest cover-types to
represent the mixed forest cover-type; all
other land-cover classes exhibited 100%
radiation transmission (Lindroth and Perttu
1981). We multiplied the direct, diffuse,
and global radiation raster maps by the
canopy transmission fraction layer to pro-
duce new solar radiation layers with values
adjusted for transmission through the forest
canopy.
Classifying thermal cover — Schwab
and Pitt (1991) adjusted the upper critical
temperatures (UCT) measured by Renecker
and Hudson (1986) onto Te values of 0 °C in
late winter and 20 °C in summer; likewise,
they adjusted changes in respiration rate that
resulted in panting for both late winter
(UCTe = 8 °C) and summer (UCTe = 30 °C).
Because thresholds were derived from moose
acclimated to local conditions of Alberta,
Canada, we re-scaled them proportionally to
the prevailing difference in mean temperature
regimes for the same period in the Adiron-
dacks (Chaffee and Roberts 1971). The result
was a respiration threshold increasing by
37.5% (i.e., UCTe = 11 °C) for April and no
change for July (i.e., UCTe = 30 °C; data
obtained by Weather Underground, www.
wunderground.com). We computed Te across
all the evaluation units for both April and July
and then re-classified the raster values as
“thermally” suitable on the basis of Te
<UCTe. Because moose use water bodies to
dissipate heat, we reclassified areas with
open water as thermal cover during July,
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but assumed open water was inaccessible
during April.
HSI Model II
Using figures developed by Allen et al.
(1987), we designated suitability scores for
each habitat variable within each evaluation
unit. Scores were substituted into the HSI as:
HSI ¼ V1  V2  V3ð Þ1=3 ð3Þ
HSI scores were projected in ArcGIS™
to show habitat suitability across the ASP
and for each season. Evaluation units with
scores <0.31 consisted of low habitat suit-
ability, those with scores >0.67 were consid-
ered highly suitable (Koitzsch 2002, Hickey
2008), and those in between were considered
moderately suitable. We computed the per-
centage of evaluation units in each suitability
class to compare our classification to a pub-
lished HSI model for the ASP that did not
incorporate thermal cover (Hickey 2008).
In order to test that moose select suita-
ble habitat designated by our model, we
obtained moose observations (i.e., both
visual and telemetry) from the New York
State Department of Environmental Conser-
vation (C. Dente, NYSDEC, pers. comm.)
and the Adirondack Program of the Wild-
life Conservation Society (M. Glennon,
Wildlife Conservation Society, pers.
comm.). We sorted the data by month and
projected moose observations for April and
July onto the appropriate seasonal suitability
map. We performed a X2 goodness-of-fit test
on moose locations relative to the numbers
expected in each suitability class based on
area and compared standardized residuals
among the 3 models (i.e., April, July, and
Hickey 2008). No significant difference
between expected and observed proportions
indicated a correct classification relative to
moose habitat use.
RESULTS
Mean monthly air temperatures derived
from ordinary co-kriging ranged from 4.7–
10.3 °C in April and 16.2–20.5 °C in July;
prediction standard errors were relatively
small (Fig. 2). Standardized root mean
square errors (April: 0.88, July: 0.80) indi-
cated that the model modestly overestimated
variability in predicted temperatures. Forest
canopy radiation transmission fractions var-
ied by month and forest cover-type (Fig. 3),
with the greatest decrease between April
and July for hardwood stands (66.7 to
19.7% transmitted; P <0.0002). Softwood
canopy transmission also declined (from
42.8 to 36.4%; P = 0.355), but not as drama-
tically. Average kt values differed between
months with April (kt = 0.13) cloudier on
average than July (kt = 0.25; p-value =
0.031). Below-canopy solar radiation in
April ranged from 69.0–212.2 Wm−2 and in
July from 42.5–280.5 Wm−2. Te ranged
from 5.6–15.3 °C during April (Fig. 4A),
and from 19.0–29.1 °C during July (Fig.
4B). Thermal suitability increased from
59.9% of evaluation units below UCTe in
April, to 85.7% of evaluation units below
UCTe in July. The lowest Te values corre-
sponded closely to the highest elevations.
In April approximately 36.3% of evalua-
tion units were characterized as low, 23.8%
as moderate, and 39.7% as high suitability
(Fig. 5A). Because average snow depth
never exceeded 0.9 m, it was not included
in our HSI (Schwab and Pitt 1991). During
July the model classified 8.7% of the ASP
as low, 16.6% as moderate, and 64.5% as
high suitability (Fig. 5B). Highest suitability
in both April and July occurred in a broad,
crescent-shaped swathe extending from the
north-central ASP westward and then south
and eastward to the south-central ASP. Mod-
erate to low suitability predominated in the
eastern half of ASP.
There were 88 observations of moose in
April in which 36.4% (n = 32) were located
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Fig. 2. Average air temperatures (C) for April and July and respective standard prediction error
maps.
Fig. 3. Hemispherical photographs of (A) hardwood (HWD) and (B) softwood
(SWD) stands in (1) April and (2) July on Huntington Wildlife Forest, New York
and percent radiation transmission through respective forest canopy types (error
bars represent one standard error).
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Fig. 4. Operative temperature (C) maps of the Adirondack State Park, New York for April (left)
and July (right).
Fig. 5. April (left) and July (right) moose observations (white circles) on a modiﬁed habitat
suitability map for the Adirondack State Park, New York.
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in unsuitable, 23.9% (n = 21) in moderately
suitable, and 39.8% (n = 35) in highly suita-
ble habitat (Table 3, Fig. 5A). There were
150 moose observations in July, with 8.7%
(n = 13) in unsuitable, 16.7% (n = 25) in
moderately suitable, and 74.7% (n = 112)
in highly suitable habitat (Table 3, Fig. 5B).
The April model placed moose in suitability
classes in proportion to expectation (X2 =
4.5, P = 0.104, df = 2), whereas the July
and Hickey (2008) models showed indepen-
dence from the expected values (P <0.001,
df = 2).
DISCUSSION
Habitat suitability modeling has been a
mainstay of wildlife habitat management
for over 30 years (Allen et al. 1987), and
modern GIS technology has changed the
use and application of HSI models. The use
of remotely-sensed data has grown rapidly,
while on-site, intensive habitat evaluation is
becoming less common (Koitzsch 2002). In
addition, complex mathematical operations
on entire map layers can now be performed
with relative ease (Fig. 4), and constructs
like ESRI's ModelBuilder™ allows for a
largely automated processing of data.
Modeling represents the only practical way
to explore spatial patterns of solar radiation,
temperature, and physical elements affecting
sunlight transmission through the forest
canopy (DeMarchi and Bunnell 1995). Our
approach combined modeling (i.e., parsing
of the Te equation), geospatial analysis (i.e.,
kriging of broad-scale spatial data), and field
assessments of sub-canopy temperature and
light regimes (i.e., hemispherical photogra-
phy and micro-meteorology).
The statistical and computational meth-
ods for modeling geospatial data are well-
documented (Johnston et al. 2001); for
example, the digital elevation model was
key to modeling solar radiation over com-
plex topography (Fu and Rich 2002), and
to co-kriging Ta to generate map layers as
input to ModelBuilder™. Even with 12 sta-
tions, prediction standard errors for Ta were
under 2 °C (Fig. 2), which we consider ade-
quate for coarse evaluation of suitability. We
acknowledge the limited scope of data used
to estimate an average kt for April and July,
but because the majority of our weather
results from synoptic-scale (≥1000 km)
atmospheric disturbances (Bluestein 1992),
we deemed the application of a measured kt
value at a single location as reasonable.
Hemispherical photography is widely
used to characterize forest canopy structure
(Frazer et al. 1999, Beaudet and Messier
Table 3. Number of observed (O) and expected (E) moose observations (1980–2000) in each suitability
class by month, and the related X2 statistic for a new HSI model developed for the Adirondack State Park,
New York. Low suitability is an HSI score <0.31, moderate suitability is between 0.32 and 0.66, and high
suitability is >0.67. Total number of evaluation units is 1028 and expected number of moose is
proportional to area of each suitability class.
April July Hickey (2008)
Suitability
Class O E (O-E)2/E
Std.
Resid O E (O-E)2/E
Std.
Resid O E (O-E)2/E
Std.
Resid
Low 32 36 0.38 −0.62 13 30 9.56 −3.09 182 272 29.81 −5.46
Medium 21 26 1.00 −1.00 25 32 1.35 −1.16 1313 832 277.53 16.66
High 35 26 2.96 1.72 112 89 6.20 2.49 204 594 256.64 −16.02
X2-statistic 4.5 17.1 564.0
ASL1 0.104 <0.0001 <0.0001
1Attained significance level, df = 2.
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2002, Fu and Rich 2002, Hardy et al. 2004)
and provides detailed characterization of the
size and distribution of openings in the
canopy, which we used to estimate radiation
transmission fraction under forest cover-
types (Fig. 3). While we replicated canopy
measurements (n = 3 sites for each forest
cover-type), we certainly did not capture suf-
ficient range in variation of sub-canopy
radiation transmission due to obscuration
and stand management history. A much lar-
ger sampling effort would have been
required; however, our transmission frac-
tions fall within the range published for the
northern hardwood forest (Domke et al.
2007; Fig. 3). Hardy et al. (2004) criticized
the method we used to modify the above-
canopy total irradiance, which neglects the
roles of path lengths, sunflecks, tree geome-
try, and micro-topography on sub-canopy
irradiance. We do not discount the criticism,
but we believe the effects of those factors are
less critical over the broad spatial scales we
modeled.
The formulation of Te we used is based
on a model for mule deer (Odocoileus hemi-
onus; Parker and Gillingham 1990) and
domestic livestock (Beaver et al. 1996), and
we made several modifications to fit our pur-
pose (Table 2). First we modeled the diffuse
fraction of solar radiation as a function of kt
and solar elevation angle (Boland et al.
2001). We also required a variable form for
the view factor (Kubaha et al. 2004) to per-
mit its calculation for any time of day (Haase
2010). In addition, rather than use a linear
measurement as a surrogate for characteristic
dimension, we computed it directly from
volume by estimating carcass composition,
body mass, and specific density of tissues
(Mitchell 1976, Haase 2010). The more diffi-
cult challenge was mapping the respiratory
threshold of Renecker and Hudson (1986)
onto the Te scale. Assuming that organisms
become locally acclimated, it seemed rea-
sonable to adjust their thresholds (Schwab
and Pitt 1991) proportionally to the
difference in average regional temperatures
collected over the same time span, until
thermoregulatory responses by moose in the
Northeast are observed directly.
Developing a Te model in ArcGIS™
allows for mapping of the thermal environ-
ment across the landscape. Despite the com-
plexity of the calculations, crudeness of
several data layers, and approximations to
key determinants of Te, our HSI model gen-
erates a more reasonable classification of
moose habitat suitability than heretofore
available (Table 3). Because we combined
all 3 forest cover-types (i.e., hardwood, soft-
wood, mixed) that were thermally suitable
(i.e., Te < UCTe), our model classified fewer
evaluation units in the high suitability class;
therefore, the amount of thermal cover
available for moose decreased as a conse-
quence of the conflation. Assuming that
few hardwood stands are thermally suitable
in April, our HSI more accurately classified
evaluation units as moderate and low suit-
ability. Though the July model did a poorer
job of correctly classifying moose observa-
tions, it improved upon the Hickey (2008)
model that over-classified evaluation units
into low and high suitability classes leaving
the moderate habitat substantially under-
classified (Table 3).
Due to the presence of industrial forest
lands, it is generally accepted that the western
half of the ASP has higher forage value for
moose (Garner 1989). It also contained the
largest area of highly suitable habitat based
on our HSI, despite exhibiting mostly moder-
ate thermal suitability (Fig. 5), indicating the
complexity of evaluating the relative impor-
tance of forage and/or thermal cover to
moose. The dramatic reduction in radiation
transmitted through the forest canopy and
the inclusion of open water boosted the suit-
ability of eastern ASP during July; however,
the 2 monthly maps differ mostly in extent,
rather than location of highly suitable habitat.
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Classifying habitat suitability by season is
important, because aspects of the thermal
environment and forage availability neces-
sary for moose survival change throughout
the year, particularly in the ASP (Fig. 5;
Koitzsch 2002, Dussault et al.2006). Moose
cope with thermal and nutritionally stressful
environments and seasons through physiolo-
gical and behavioral adaptations (Schwab
and Pitt 1991, Dussault et al. 2004). Moose,
in the short-term, cope with stressful thermal
conditions by trading off time for space in
favorable microhabitats (Bakken 1992, Par-
ker and Gillingham 1990, Sargeant et al.
1994, Mysterud and Ostbye 1999). But,
moose must maintain homeostasis in the
long-term or face potentially deleterious indi-
vidual and population consequences
(Belovsky 1981, Dussault et al. 2004).
Our development of a moose HSI that
incorporated thermal suitability agreed in
general with known locations and suitable
habitat of moose in the ASP. Along their
southern range boundary moose are declin-
ing in certain areas (e.g., Minnesota, Lenarz
et al. 2008) and appear to be thriving in
others (e.g., Quebec, Ontario; Dussault et al.
2004, Lowe et al. 2010) despite ∼5 ° differ-
ence in latitude. Habitat quality, forage abun-
dance, effects of disease and parasites,
density of white-tailed deer (see Lankester
2010), and combined effects of stress asso-
ciated with warmer temperatures (see Mur-
ray et al. 2006, Lenarz et al. 2008) are
possible explanations of regional and local
differences in moose density and population
response. Further elucidating the interrela-
tionships of these factors, including the inter-
action of forage and thermal cover, is
warranted to address a warming climate, dif-
ferential population responses, and potential
range shifts of moose.
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